Self-organized monocrystalline Au nanoparticles with potential applications in plasmonics are grown in a SrTiO3 matrix by a novel two-step deposition process. The crystalline preferred orientation of these Au nanoparticles is investigated by synchrotron hard x-ray diffraction. Nanoparticles preferentially align with the (111) 
I. INTRODUCTION
The optical properties of metallic nanostructures are governed by the localized surface plasmon resonance (LSPR) [2] [3] [4] [5] . The LSPR can be tuned via the morphological and structural features of the nanoparticles and thus presents considerable potential for scientific and technological applications. The sensitivity of the plasmon resonance and the associated local field enhancement on the medium surrounding the nanoparticles makes them suitable e.g. as sensors for the detection of biological analytes 6 , Surface Enhanced Raman Spectroscopy (SERS) 7 , radiative decay engineering 8 of nearby fluorescent molecules, sub-wavelength optical wave guides 9 , apertureless near-field microscopy and nanostructure photofabrication 6 . Among the applications not directly related to the LSPR, nanometer-sized Au particles have been proven to act as highly efficient catalysts [10] [11] [12] [13] .
To date, most methods for the fabrication of metallic nanoparticles rely on lithographic techniques or various chemical processes 14 . Lithographic techniques allow a large number of 2D structures with a variety of different shapes to be produced. Nevertheless the nanostructures are generally polycrystalline with not well controlled grain size, orientation and arrangement: this leads to a great surface roughness and size and shape dispersion. Different chemical methods have been used as an alternative to lithography. Although they guarantee the production of single crystal nanoparticles with nearly atomically smooth surfaces, they are in this case difficult to arrange in a predefined pattern and are normally randomly distributed. The samples investigated in this study were grown using a novel two-step process 15, 16 which consists of a deposition of a Au layer (the so called seed layer) on a polished single crystal 5 x 10 x 1 mm Torr followed by an annealing at 1070K for 5 minutes and a subsequent deposition of a SrTiO 3 thin film in an oxygen atmosphere of 100 Pa. During the latter deposition step, the Au layer (dewetted after the annealing process to form 3D Au islands) self-assembles to homogeneously arranged monocrystalline Au nanoparticles of anisotropic shape, mostly located at a characteristic depth within the STO thin film 15 . The size and shape of the nanoparticles can be tuned by varying the deposited amount of Au and STO: their optical properties can thus be readily tuned 15, 16 . Furthermore, the possibility of a selective etching of the STO matrix has already been proved 16 , thus allowing to expose the nanoparticles to air. Therefore, this growth process represents a valid alternative to other more traditional fabrication methods, particularly for the production of plasmonics active sensors in life sciences.
Despite the potential just pointed out, little is known about the growth process leading to the Au nanoparticles formation as well as the structural properties of both the nanoparticles and the STO thin film. These properties are not only important for the potential practical applications of this kind of systems, but are also of great relevance to gain a deeper fundamental understanding of the physics involved in the growth of metallic nanostructures (and, more generally, of metallic thin films) on ceramic substrates, which is still not widely explored [17] [18] [19] (especially for the case of the Au). The present work aims to fill this gap of knowledge by investigating the crystallographic properties of such a system by means of x-ray diffraction, in particular the preferred crystallographic orientation of the embedded Au nanoparticles. For this purpose, samples with a Au layer thickness ranging in the interval 1-8 nm and a fixed STO thin film thickness of 275 nm were probed. A sample grown in the same way (5 nm of Au), but without the STO top layer was additionally considered: it allowed to investigate the 3D islands of the Au layer dewetted by the annealing process. The STO thin film was found to display a crystalline growth ((001) epitaxy) for all the values of the Au layer thickness below 8 nm: for 8 nm of deposited Au a rather polycristalline film results instead 20 .
II. EXPERIMENTAL SETUP
The x-ray diffraction measurements were carried out at the beamline ID06 of the European Synchrotron Radiation Facility (ESRF), Grenoble (FR). A first set of measurements (performed in the hutch n • 1) made use of a focused beam at an energy of 7 keV and a CCD detector mounted in reflection (Bragg) geometry (Fig. 1) . The relatively low photon energy and the reflection geometry were chosen to limit the penetration into the substrate, and to thus optimize the ratio of signal from the near-surface nanoparticles vs. background from the substrate. The sample was mounted on a 4-circle goniometer (see Fig. 1 ) and diffraction data were recorded for multiple sample positions to investigate the texture of the Au nanoparticles. The data acquisition relied on two main types of goniometer scans. In the first one (used to obtain the pole figures discussed in Section III) different values of the ω angle were scanned over a wide range, keeping the φ axis fixed. In the other one (used to study the in-plane orientation discussed in Section III B) different values of the φ angle were scanned over a wide range, keeping the ω axis fixed. The diffraction spots on the 2D detector were indexed using the mathematical framework described by He 1 , adapted to the present geometry. For a spot of diffracted light in a position (x, y) on the detector surface, the corresponding unit diffraction vector
be calculated once known the detector position. For each position of the sample the corresponding vector h S in the sample coordinate system X S Y S Z S is given by
where B depends on the crystal symmetry (B = I for the case of a cubic crystal considered), U takes into account the offsets in the sample mounting and H, Ψ, Φ and Ω are the rotational matrices associated to the four sample rotational degrees of freedom. The matrix A corresponds to the fact that, with all the previous matrices equal to the identity I, the sample and the laboratory coordinate system do not coincide within the conventions chosen. Despite providing a general overview of the nanoparticles texture properties, the CCD setup 4-circle goniometer does not permit an exact determination of the offsets in the sample mounting. Therefore the absolute orientation of the Au crystals with respect to the substrate cannot be achieved. A second set of measurements (per- formed in the hutch n
• 2, downstream with respect to n • 1) was then realized using a single crystal diffractometer in normal beam geometry with a point detector. In this case the offsets in the sample mounting are automatically calculated starting from the position of two known substrate diffraction peaks. The greater distance from the x-ray source imposed the usage of a higher energy (11 keV) beam: given the small field of view of the point detector, the presence of strong substrate peaks due to the higher penetration depth inside the sample did not represent a significant limitation.
III. RESULTS AND DISCUSSION
The main feature emerging from the diffraction images collected with the CCD area detector setup of Fig. 1 is the presence of a strong texture for the Au nanoparticles. The diffraction rings exhibit bright spots alternated to regions of lower intensity (see Fig. 2 ), a clear indication that the Au nanoparticles align along certain crystalline preferred orientations. The latter can be investigated transforming the 2D images of the CCD detector into pole figures, each of which shows the orientation of a selected set of lattice planes (hkl) relative to the substrate. A region of the detector corresponding to the fixed scattering angle 2θ = arcsin λ/2d hkl (a diffraction ring) is selected in a series of images with different goniometer settings. Using eq. (1) is then possible to relate the intensity I recorded by every pixel to the corresponding unit diffraction vector h S in the sample coordinate system. The intensity function I(h S ) can finally be represented on a polar diagram (i.e. the pole figure) by means of a stereographic projection (see He 1 for further details). The result is shown in Fig. 3 for different thicknesses of the Au seed layer in the case of the Au{111} reflection. The radial direction is labeled with the values of the angle (referred to as χ) measured with respect to the vertical direction, i.e. the normal to the substrate surface (here indexed as the (001)); for the angular direction the crystallographic directions of the cubic STO substrate have been used ((100), (110), (010), . . . ) rather than the values of the angle measured counterclockwise from the STO(100) (0
• , . . . ), referred to as β 1 (which will be used in Section III B) . The small angular range of the pole figures probed is simply due to the limited excursion of the motors controlling the sample rotational stages: given the cubic symmetry of the samples, some important conclusions can nevertheless be attained.
A. Orientation along the substrate normal
The most important aspect shown by Fig. 3 is the presence of a strong Au{111} peak along the direction normal to the substrate surface, i.e. STO(001), which was observed for all the samples probed. It represents a clear proof that a very large number of Au nanoparticles are oriented with the {111} crystal direction aligned vertically, as previously observed by Christke et al. 15 . An exception is represented by the sample with 1 nm of Au seed layer thickness. Rather than a round-shaped central peak, in this case a cross-like feature, with arms extending along the {110} in-plane substrate directions, appears. The presence of this peculiarity was subsequently confirmed by the measurements realized with the single crystal diffractometer (top-right box of Fig. 3f ) and observed for the sample with 1.5 nm of Au as well. Another aspect shown by the Au{111} pole figures is that the central peak for the sample with 8 nm of Au is much more smeared out than for the other samples. In general, the situation looks somehow more complex, as the presence of additional lines and small spots (along the (100) and (010) at χ ≈ 11
• and χ ≈ 16 • ) testifies. The observed lack of a rigid crystallographic orientation may be attributed to the greater Au nanoparticles size or the structural modifications of the surrounding STO matrix observed for the relatively high value of the initial Au layer thickness considered 20 . Other Au nanoparticles preferred orientations in addition to the central one are also clearly visible for the samples with 3 and 2 nm of Au. In both cases they cause the presence of spots in the region between χ = 11
• and χ = 22
• along the (110) and (100) substrate directions. These additional features are less visible in the 4 nm sample and seem not to be present for the samples with 5.3 and 8 nm of Au. For these latter samples, dark continuous lines of diffracted intensity instead appear along directions almost parallel to the (100) and (010) (the small deviation observed could be simply due to the limited precision of the data analysis).
In addition to the {111}-oriented nanoparticles, there seem to be present a certain fraction of nanoparticles oriented with the {200} direction normal to the substrate. All the Au{200} pole figures indeed present a tiny peak in the center. As an example the pole figure for the sample with 3 nm of Au seed layer thickness is reported in spots mentioned above and the angle between the (111) and the (002) lattice directions, equal to 54.74
• . Both the vertical orientations found for the Au nanoparticles were also clearly found in the sample without the STO layer, as can be seen in Fig. 5 . Therefore, as long as the direction normal to the substrate surface is considered, the crystallographic orientation of the Au nanoparticles seems to directly descend from that of the 3D islands forming the Au dewetted layer; in other words the deposition of the STO overlayer does not significantly modify the main Au crystallographic orientation (at least for an initial Au layer thickness around 5 nm). Since the structure factor of all the allowed Au peaks is constant and equal to 4f , f being the atomic form factor, a rough indication of the abundance of the two orientations can be obtained evaluating the ratio of the corresponding diffracted intensities. An evaluation of the peaks areas led to a ratio I 111 /I 002 ≈ 110: the {111} orientation thus seems to be much more abundant than the {200} one. The same observation seems to be valid also for the samples with the STO thin film: the value of the ratio I 111 /I 002 varies from one Au thickness value to another, but a large minimum value of 43.7 was in any case found. The presence of multiple Au growth directions is in agreement with the expected polycrystalline character of Au films grown over SrTiO 3 (001) substrates and the high I 111 /I 002 is consistent with the high Au surface energy anisotropy and diffusion coefficient on the substrate surface 17 .
B. In-plane orientation
Symmetry considerations
Once known the preferred nanoparticles orientation along the vertical (normal to substrate) direction, a complete characterization of the crystalline preferred orientations requires the investigation of the in-plane orientation, that is to say in a direction parallel to the substrate surface. For the experiment performed using the CCD area detector setup, this task was accomplished by measuring the periodicity of the Au{220} reflections upon a sample rotation around the vertical axis (φ, or azimuthal, scan): only the in-plane orientation of the (001) ST O || (111) Au nanoparticles was studied, since they are much more abundant than the other family and thus more significant to investigate. For the diffractometer experiment both the nanoparticles family were probed. For the (001) ST O || (111) Au nanoparticles the periodicity of the Au{331} reflections (which have the same periodicity of the Au{220} around the (111) direction) was measured; for the (001) ST O || (002) Au nanoparticles the Au{311} reflections were exploited instead.
As viewed from the (111) direction, the Au{220} reciprocal lattice points describe an equilateral triangle and are related one to another by 120
• rotations around the (111) direction. The in-plane orientation of the Au(111) lattice planes can be conveniently described introducing the β 111 angle: as shown in Fig. 6a , it is defined as the angle formed by the substrate (100) direction and the direction passing through one of the Au{220} (or equivalently Au{331}) lattice points and the center of the equilateral triangle they form (which turns out to be the (112)). Considering both the 3-fold symmetry of the Au{220} (or equivalently Au{331}) lattice points and the cubic symmetry of the STO lattice (with its mirror planes and the 4-fold rotation axis), the expected values for the β in-plane orientation angle are given by the following combination β = ±β 111 + n 90
• + m 120
where ± accounts for the mirror symmetry of the STO(001) substrate, n 90
• for its 4-fold rotational symmetry and m 120
• for the 3-fold rotational symmetry of the Au(111) plane. For the case of the (001) ST O ||(002) Au nanoparticles, the Au{311} reciprocal lattice points describes a square, being related by 90
• rotations around the (002) axis. As for the previous case, the in-plane orientation can be defined by specifing the relative rotation of the Au crystal relative to the surrounding STO matrix: the corresponding angle is now called β 002 . Considering again the cubic symmetry of the STO lattice the expected values for the β in-plane orientation angle are given in this case by the following β = ±β 002 + n 90
where ± accounts for the mirror symmetry of the STO(001) substrate and n 90
• for the 4-fold rotational symmetry of the Au(002) plane.
The equilibrium value of both the β 111 and the β 002 angle is expected to be mainly determined by energetic arguments. Both in the case of the Au 3D islands present prior to the STO thin film deposition and in the case of the embedded Au nanoparticles, the in-plane atomic arrangements will be the one which minimize the Au/STO interface energy. The situation is of course rather different depending on which of the two sytems, 3D islands or embedded nanoparticles, is considered. In the former case, the only interface present is the one between the (111) (or (002)) lattice planes of the islands and the single crystal substrate. In the latter case, on the other hand, the interface energy between the nanocrystal as a whole and the surrounding STO thin film has to be taken into account. The interface is thus more complicated, since it also depends on the crystallographic orientation of the terminating facets of each Au nanoparticles.
Experimental results
Starting from the case of the (001) ST O || (111) Au nanoparticles, the Au{220} peaks show roughly the same periodicity varying the initial Au layer thickness from 8 nm down to 2 nm. An abrupt change seems to occur for the sample with 1 nm of Au, whose corresponding plot is shown in Fig. 7 together with the 2 nm one for comparison: from the figure is clearly evident how the number of peaks for 1 nm of Au is halved with respect to the 2 nm case, one peak every two being missing. Fitting the data points with a train of gaussian curves, a practically identical peaks periodicity value of about 15
• was obtained for all the sample between 8 and 2 nm of Au. On the contrary (see Fig. 8 ), the sample with 1 nm of Au diplays a double periodicity, with a peak-to-peak distance of about 30
• . An evaluation of expression (2) leads to the conclusion that the presence of equally spaced peaks with a periodicity of 15
• in the azimuthal scans can be accounted by the presence of two families of Au nanoparticles, one with β 111 = 0
• and the other with β 111 = 45
• (or, equivalently, β 111 = 15 • ), being β 111 the angle defined in Fig. 6a . Although the absolute φ values at which the peaks of Fig. 7 occur are directly related to the β in-plane angle of Fig. 6a , they are affected by a small unknown offset in the sample mounting. This uncertainty was removed through the diffractometer data shown in Fig. 9 , which clearly shows the existence of the two nanoparticles in-plane orientations β 111 = 0
• and β 111 = 15
• . The above conclusion would immediately lead to interpret the double periodicity observed for the 1 nm sample as a direct result of the disappearance of one of the two different nanoparticles in-plane orientations. Even considering the small unknown offset in the φ angle values, the family which seems to be absent in the sample with 1 nm of Au (Fig. 7) is the one characterized by β 111 = 0
• . The peaks sequence observed is indeed very close to 15
• , 45
• , 75 • , . . ., produced by β 111 = 15
• . This seems to be elegantly predicted by the variation in the peaks intensity of Fig. 9 . As can be clearly seen, the intensity of the central peak drops as the Au thickness decreases: while it is the dominant peak for 5.3 nm of Au, in the 3 nm sample the intensity associated with the ±15
• peaks becomes much greater. This trend leads to infer that further lowering of the Au layer thickness would lead to the total suppression of the central peak in favor of the other two. The same nanoparticles in-plane orientation for the 8-2 nm thickness range was also found in the sample without STO top layer (Fig. 10) . This is consistent with the epitaxial orientations of Au islands on a orientations they report, respectively. As for the preferred nanoparticles vertical growth orientation, the nanoparticles inplane orientation thus seems to directly derive from that of the Au layer 3D islands. The available data does not allow to definitively establish whether the intensity drop of the β 111 = 0
• peak and the disappearance of the corresponding nanoparticles family is induced by the growth of the STO layer or is already present in the Au 3D islands. However, considering the lack of documented crystallographic orientations thickness dependences in traditional layered samples, a role of the overgrown thin film is likely to be supposed.
With respect to the (001) ST O || (002) Au nanoparticles, the data collected with the diffractometer (see Fig. 13 ) show the presence of Au{311} peaks at values of the β inplane orientation angle equal to 0
• and 45
• . This leads to the conclusion that, even in this case, two nanoparticles families with a different in-plane orientation are present: these two in-plane orientations are characterized by β 002 = 0
• and β 002 = 45
• respectively (being β 002 the angle defined in Fig. 6b) Au{331} diffracted intensity of the (001)ST O || (111)Au 3D islands for the sample without STO thin film (5 nm of Au). The measured points refer to the diffracted intensity integrated over a rocking scan, as for the plots of Fig. 9 : the periodicity of the peaks is the same measured for the Au nanoparticles. The dashed line is just meant to help displaying the trend.
FIG. 11. Diffracted intensity ratio between the Au{311} peaks at β = 45
• and the same peaks at β = 0
• for different initial Au layer thicknesses. The ratio provides an indication about the relative abundance of the β002 = 45
• family with respect to the β002 = 0
• one: an abrupt change in the ratio value occur for the 1 nm sample. The values used to calculate the ratio are the maximum intensity values obtained from the plots of Fig. 13 .
the Au seed layer thickness toward the 1 nm value. While for the range 1.5-5.3 nm the β = 0
• Au{311} peak is the most intense one, the 1 nm sample displays an opposite trend, the β = 0
• peak being almost absent. This result is summarized in the plot of Fig. 11 , where the intensity ratio I β=45 • /I β=0 • is shown as a function of the Au layer thickness. With respect to the (001) ST O || (111) Au nanoparticles, the relation between the orientation of the Au 3D islands and the nanoparticles one is in this case less obvious. In the case of the 3D islands multiple peaks are indeed present in the (−6
• , 10 • ) interval (Fig. 12) . The STO thin film thus seems somehow to force only one of the in-plane orientations present prior to its deposition to occur for the embedded nanoparticles. It's interesting how none of these peaks is exactly centered at β = 0
• : this evidence might be related to the small de-
Au{311} diffracted intensity of the (001)ST O || (002)Au 3D islands for the sample without STO thin film (5 nm of Au). The measured points refer to the diffracted intensity integrated over a rocking scan. Multiple peaks are present in the interval (−6
• , 10 • ); in the inset, a finer scan around β = 0
• is shown. The dashed line is just meant to help displaying the trend.
viations from the perfect β = 0
• position observed for the nanoparticles peaks (left plots of Fig. 13 ). Furthermore, contrary to what measured for the Au nanoparticles, no peak seems to be present around β = 45
• for the 3D islands. However, the absence of this peak could be considered consistent with the relatively low intensity (the smallest measured) of the 45
• peak for the sample with the STO layer and a comparable Au seed layer thickness (5.3 nm, compared to the 5 nm of the sample without STO layer). Once again, the role of the STO layer in the appearance of the differences mentioned above, as well as in the occurence of the transition for the 1 nm sample, has to be further investigated. 
IV. CONCLUSIONS AND FUTURE DEVELOPMENTS
Au nanoparticles are promising as plasmonic active materials, with potential applications as sensors in life sciences. Samples were prepared by depositing a Au layer on a SrTiO 3 (001) single crystal surface, annealing the Au layer (causing it to dewet into Au islands) and capping the dewetted layer with a thin film of SrTiO 3 . During the last deposition step, the Au dewetted layer self-assembles to homogeneously arranged monocrystalline nanoparticles mostly located at a characteristic depth within the deposited SrTiO 3 thin film. Synchrotron x-ray diffraction was used to investigate the epitaxial relation of the embedded Au nanoparticles with the SrTiO 3 matrix.
The collected data revealed the presence of two main orientations of the nanoparticles along the STO(001) surface normal, namely (111) and (002), with the (111) being predominant. For these out-of-plane orientations the in-plane orientation was studied. For the dominant nanoparticles with (001) SrT iO3 || (111) Au 
